To explore the application of environmentally friendly metal corrosion inhibitors, we made extracts of three kinds of plant corrosion inhibitors, and we explored ways to improve their corrosion inhibition efficiency. We used the weight loss method to study the corrosion inhibition of mild steel in 1 M HCl solutions, using extracts of rose, gardenia, and Solanum violaceum. We found that the extracts acted as effective corrosion inhibitors for mild steel in an acidic medium. The inhibition process was attributed to the formation of an adsorbed film of inhibitor on the metal surface that protected the metal against corrosion. We determined by Fourier infrared spectroscopy that the N-H, C=N, and C-O functional groups in the three plant extracts were important is this corrosion inhibition. The inhibition efficiency (%E) of the extracts increased with increasing inhibitor concentration but decreased with increasing temperature. Using electrochemical methods, we found that the three plant corrosion inhibitors researched are all mixed corrosion inhibitors, which have inhibitory effects on both the cathodic and anodic reaction processes. Mixtures of (1) gardenia blossom inhibitor (GD) with rose extract inhibitor (RE) and (2) Solanum violaceum inhibitor (SV) with RE had synergistic effect factors less than one, which implied that the synergistic effect was great, and that the efficiency of a single plant inhibitor RE was improved by mixing with other inhibitors.
INTRODUCTION
In industrial production and modern life, corrosion damage is a significant issue that we cannot ignore. The use of corrosion inhibitors in metal pickling is one response to this problem due to the simplicity of the process and its low cost [1] . Traditional corrosion inhibitors are generally toxic organic compounds [2] , but there are non-toxic and otherwise harmless green corrosion inhibitors that include natural polymer derivatives [3] [4] [5] and natural plant extracts [6] [7] [8] . Natural plant corrosion inhibitors are especially attractive because they are widely available and are environmentally friendly, however they have low corrosion inhibition efficiency, poor stability, and poor after-effects [9] [10] [11] .
In order to improve the performance of plant corrosion inhibitors [12, 13] , we used combinations of plant extracts. Rose [14, 15] , gardenia [16, 17] and Solanum violaceum [18, 19] are three plants that are readily available in large quantities. They contain amino acids, fatty acids, flavonoids, steroids, and other organic substances, and they are widely used in ornamental greening and medicine. We prepared extracts of Solanum violaceum, gardenia, and rose to be used as plant corrosion inhibitors by the Soxhlet extraction method [20] . We tested the corrosion inhibition performance of the extracts on A3 steel in 1 M HCl solution to determine whether combinations of these extracts would improve the performance compared to single extracts. Our goal was to develop efficient, economical, and non-polluting rose, gardenia and Solanum violaceum corrosion inhibitors for the pickling industry.
MATERIALS AND METHODS

Preparation of the Plant Corrosion Inhibitors
Fresh roses, gardenias, and Solanum violaceum were collected, impurities were removed, and they were cleaned, dried in the shade, dried in an oven at 40 o C, ground into powder, sifted, and stored in sealed bags.
Plant powder samples with a mass of 2.0 g were extracted for 8 h in a Soxhlet extractor with 250 mL of deionized water in a constant temperature oil bath at 100 o C. We used the final solution as the corrosion inhibitor. The difference in the mass of the dry filter paper bag before and after extraction was used to calculate the concentration (C) of the solution. In this way, rose extract inhibitor (RE), gardenia blossom inhibitor (GD), and Solanum Violaceum inhibitor (SV) were prepared.
C is defined as: 
Performance evaluation methods
We used infrared spectroscopy (Nicolet 6700) to analyze sample compositions. The experimental extraction products (RE, GD, and SV) were added to the surface of KBr plates and placed in the IR spectrometer to determine the functional groups present and help us to analyze the importance of the groups in the extracts corrosion inhibition performance.
Corrosion rate (Vcorr) and inhibition efficiency (ղ) were measured by weight loss test. Our mild steel samples for weight loss test were standard A3 steel with dimensions of 30 mm×15 mm×2 mm. At least three parallel experiments were carried out under the same experimental conditions, and measurements without obvious errors were averaged. The corrosion medium was 200 mL of a 1 mol/L HCl solution. After 4 hours in a constant temperature water bath, the test samples were removed, dried, and weighed.
Vcorr and ղ were defined as:
W0 (W1) is the quality of A3 steel before (after) corrosion. S is the surface area exposed to solution. T is the soaking time. to ensure the accuracy of the data, the experiment for each group was repeated more than three times. The size of the A3 steel samples for electrochemical testing were 10 mm×10 mm×3 mm, with AB adhesive polytetrafluoroethylene (PTFE) on all surfaces except a 1 cm 2 section.
After polishing, the A3 steel sheets were put into a 1 mol/L HCl solution at 30 ºC with different concentrations (0.2g/L, 0.6g/L and 1g/L) respectively, soaking 4 hours and then scanning by EVO-MA15 electron microscopy observation. Fig. 1 shows the infrared spectra for RE, GD, and SV. Fig 1(a) The vibration absorption peak of carboxylate C=O and the stretching vibration peak of C=C or C=N appeared at 1625.69 cm -1 , and the vibration peak of C-C or C-O was at 1103.08cm -1 . Fig. 1 Substances containing polar groups are easy to protonate in acid solution [21] . Substances in RE, GD, and SV can be adsorbed by the metal surface in several ways. The lone pair electrons of O, N, and S atoms can form coordinate covalent bonds to the metal surface. The substances can also be adsorbed on the metal surface due to electrostatic action or the formation of chelates with Fe 3+ . In addition, extracts containing double bonds can be attracted to the metal surface. In this way, the adsorbed substances in RE, GD, and SV can inhibit the corrosion of A3 steel. Figure.2 shows that the inhibition efficiency of RE, GD, and SV all initially increased with increasing temperature, followed by a decrease with increasing temperature above a certain temperature. The inhibition efficiency of GD and SV on A3 steel in 1 mol/L HCl solution reached the highest at 50 ºC (86.22% for GD and 89.30% for SV). When the temperature was more than 50 ℃, the GD and SV corrosion inhibition effects had a declining trend. For RE, the highest inhibition effect of 75.57% was at 40 ºC. At temperatures higher than 40 ºC, the inhibition effect of RE on A3 steel decreased. One reason is that increasing temperature accelerates the motion of molecules, and at some temperature, the increased motion makes the desorption rate of the corrosion inhibitors on the steel surface higher than the adsorption rate, which exposes part of the surface of A3 steel to the corrosive environment. High temperature will also destroy the effective components in RE, GD and SV, resulting in a less effective corrosion inhibition. From Fig.2 , we can see that GD and SV have better high temperature resistance than RE at the same concentration. The corrosion rate and inhibition efficiency were calculated by Eqs.2 and 3, respectively. 3 shows that increasing concentrations of RE, GD, and SV at the same temperature leads to a gradual increase in inhibition efficiency. When the concentration of plant extract was 1 g/L at 30ºC, the inhibition efficiency was 91.76% for SV, 88.38% for GD, and 77.67% for RE. Increasing plant extract concentration leads to a greater effective inhibitor concentration, which leads to more adsorption on metal surface and a higher inhibition efficiency. 4 shows the graphs for the results of the electrochemical impedance spectroscopy (EIS) tests for RE, GD, and SV. They all show a similar semi-elliptical shape, which indicates that the only charge transfer occurs at the interface between the electrode and the corrosion solution during the corrosion of A3 steel electrode, and the process is not affected by the presence of corrosion inhibitors. The microinhomogeneity and roughness of the electrode surface lead to the dispersion of the interface impedance, which makes the semi-circular arc appear slightly flat [22] . With increasing RE, GD, and SV concentration, the radius of the semi-circular arc increases significantly, and the charge transfer resistance of the corrosion of A3 steel increases accordingly. This is because the extracts can be adsorbed on the surface of the electrode to form a film, which increases the resistance for charge transfer and makes it difficult for the anode metal to dissolve, so the corrosion resistance of the electrode is enhanced. Table 2 shows the results of data fitting for AC impedance.
RESULTS AND DISCUSSION
ղ were defined with fitting data as:
Rct (Rct0) is the charge transfer resistance with (with not) corrosion inhibitors and Icorr(inh) (Icorr) is the corrosion current density with (with not) corrosion inhibitors. 89.39 Table 2 data shows that the charge transfer resistance (Rct) of the three plant inhibitors increased significantly with increasing RE, GD, and SV concentration, and the inhibition efficiency (ղ) increased gradually with increasing RE, GD, and SV concentration. The inhibition efficiency of the three plant inhibitors prepared in this experiment was RE < GD < SV at the same concentration. Fig. 5 shows that the anode and cathode parts of the polarization curves for RE, GD, and SV are shifted downward to different degrees, indicating that the reaction of the two poles during corrosion process is effectively suppressed. The inhibition effect increases with increasing concentration of RE, GD, and SV. The inhibition effect of the cathodic reaction is more obvious than that of the anode reaction, so RE, GD, and SV are cathodic inhibitors for plant corrosion. Table 3 shows that the corrosion current density (Icorr) decreased gradually with increasing RE, GD, and SV concentrations, and the corrosion inhibition efficiency gradually increased. At the highest concentration of RE, GD, and SV, which was 1 g/L in our tests, the corrosion current density reached 77.67%, 88.38%, and 91.76%, respectively. The Ecorr < 85 mV indicated that SV, GD, and RE are all mixed inhibitors [23] . It can be inferred that the adsorption mechanism of their inhibition was the geometric coverage effect [24] . The anodic dissolution reaction and cathodic hydrogen evolution reaction of A3 steel in a corrosive medium can be effectively inhibited by SV, GD and RE. The corrosion potential remained basically unchanged, indicating that the geometric blocking effect was stronger than the energy effect in the adsorption process, so the main mechanism of corrosion inhibition was the geometric blocking mechanism [25] . The effective corrosion inhibitor adsorbed on the surface acts as a barrier, reducing the metal surface area involved in the reaction, and the corrosion inhibitor adsorbed evenly, indicating that the adsorption mode was a non-localized adsorption. A comparison of the SEM images in Fig.6 (a), 6(d), and 6(g) show that the corrosion pits on the surface of A3 steel decreased significantly after adding SV, and the roughness of the steel surface decreased with an increase in SV concentration [26, 27] . Therefore, the corrosion of A3 steel in a 1 mol/L HCl solution was effectively inhibited by the formation of a protective SV film on the surface of the A3 steel. The larger the adsorption area of the SV corrosion inhibiting molecules, the smaller the contact area between steel and the hydrochloric acid solution, which can effectively blocks the corrosion reaction and greatly improve the corrosion inhibiting efficiency [28] . RE and GD can be analyzed in the same way. The surface smoothness of A3 steel with the same concentration was SV > GD > RE. 
We next explored the inhibition efficiencies of mixtures of inhibitors. Fig.3 showed that the corrosion inhibition efficiency of RE at the same concentration was lower than that of GD and SV and that increasing RE, GD, and SV concentrations led to increased corrosion inhibition efficiency of A3 steel. When the concentration of RE was 0.8 g/L, an inflection point appeared. Beyond this point, increasing RE concentration had no obvious effect on the corrosion inhibition efficiency. Therefore, 0.8 g/L was chosen as the optimal compound concentration of RE. Mixtures of RE and GD (RG) with the mass ratios RE:GD = 1:1, 1:2, 1:3, 1:4 and mixtures of RE and SV (RS), with the mass ratios RE:SV = 1:1, 1:2, 1:3, 1:4 were prepared. The compounding synergies SI were defined as:
ղA (ղB, ղA+B) was the corrosion inhibition efficiency of A (B, A+B) solution. Eq.(6) was used to calculate SI, and the results are shown in Table 5 ., shown in tables 4 and 5. the SI values for the mixture of RE and GD in 1 mol/L HCl solution were less than 1, and the SI values for the mixture of RE and SV in 1 mol/L HCl solution were also less than 1. This shows that these mixtures have a good synergistic effect on corrosion inhibition. Their synergistic action of competitive adsorption leads to a significant increase in the inhibition efficiency.
CONCLUSION
In this paper, Solanum violaceum fruit, gardenia petals and rose petals were extracted by the Soxhlet extraction method and used as corrosion inhibitors for the corrosion of A3 steel in 1 mol/L HCl solution. The main conclusions are:
(1) The polar groups with N, O, and S of SV, GD, and RE are thought to be the primary inhibition groups.
(2) When the temperature was 30 o C and the concentration of each inhibitor was 1 g/L, the inhibition efficiency was the highest with 91.76% for SV, 88.38% for GD, and 79.73% for RE, showing that SV, GD, and RE are all natural plant corrosion inhibitors.
(3) When the mass ratio of RE:GD was 1:4, the corrosion inhibition efficiency of 0.8 g/L RG was 87.71%. When the mass ratio of RE:SV was 1:1, the corrosion inhibition efficiency of 0.8 g/L RS was 91.92%, which was higher than that of 0.8 g/L RE, GD, and SV alone. The corrosion inhibition ability of single plant inhibitor RE was greatly improved by the mixture with GD or SV.
